Introduction 33 34
Sea level integrates changes in the thermohaline characteristics of the ocean waters due to 35 heat fluxes and water advection, changes in the ocean mass either due to redistribution of 36 water in response to the atmospheric mechanical forcing or due to the addition or removal 37 of water from the land and the criosphere, and, depending on the reference system, may 38 also include land movements and changes in the oceanic configuration. With the 39 exception of land movements and changes in the shape of the oceanic basin the other two 40 sea level components (thermohaline and mass) are influenced by the large scale 41 atmospheric climate modes through their effect on atmospheric pressure gradients, wind, 42 heat and freshwater fluxes and changes in the oceanic circulation. 43
Mediterranean sea level rise observed in the longest tide gauges during the last century 44
(1.1-1.3 mm/year) was significantly lower than the global rate (1.5-1.9mm/year) 45 Mediterranean rates significantly increased during the period 1993 -2010 (Church and 50 White, 2011 Cazenave et al.2001; Fenoglio-Marc 2001) . 51
For the Mediterranean Sea, the North Atlantic Oscillation (NAO) is known to affect, 52 primarily, winter sea level variability (Tsimplis and Josey, 2001; Gomis et al 2008; 53 Tsimplis and Shaw, 2008; Criado-Aldeanueva et al., 2008; Tsimplis et al, 2013) . In 54 addition to dominating the atmospheric component of sea level, a smaller influence of the 55 Raicich et al (2003) found that summer sea level atmospheric pressure in the 64
Mediterranean region is correlated with the Indian monsoon and the Sahel rainfall indices, 65 attributed to particular wind regimes over the area which in turn influenced coastal sea 66 level. Tsimplis and Shaw (2008) identified the East Atlantic pattern (EA) as an additional 67 atmospheric mode impacting sea level, but they only found significant correlations in the 68
Adriatic and once the atmospheric pressure effect was removed. Josey et al (2011) The present paper assesses and clarifies the influence of the four major atmospheric 80 modes over the North Atlantic, namely the NAO, the EA the EA/WR and SCAN, on 81
Mediterranean sea level as well as its component driven by wind and atmospheric 82 pressure changes and on the thermosteric component. The analysis is performed for 83 different periods dictated by the availability of tide gauge data and altimetry data. The 84 paper is organized as follows: Section 2 introduces the data sets to represent sea level and 85 its components and the climate indices. In Section 3 we present the methodology of the 86 Correlations between seasonal climate indices and tide gauge records and atmospherically 223 corrected tide gauge records are shown in Figure 2 . For some of the indices significant 224 differences can be found between eastern and western basins. The winter NAO is found to 225 be correlated with observed winter sea level at all sites. In the Adriatic it was also 226 correlated during summer at most stations. SCAN was positively correlated during winter 227 in the Adriatic stations as well as in Marseille and Genova. These similarities are in 228 agreement with the negative correlation of -0.47 found between winter NAO and SCAN 229 (Table 2) . EA/WR was correlated with sea level during winter, in the Adriatic Sea and 230
Alexandria at the Eastern Mediterranean. The removal of the atmospheric forcing 231 component using VANI2-ERA hindcast reduced the correlation coefficients but did not 232 make the correlations statistically insignificant. 233
234
During the summer season the NAO is correlated with sea level in some Adriatic stations. 235
The EA is correlated in the Adriatic stations and Genova. The removal of the atmospheric 236 forcing component increased the correlation with the EA in the Adriatic. 237
The variance accounted for by the indices at each tide gauge record and the corresponding 238 atmospherically corrected tide gauge record are listed in Table 4 . The results of the 239 regression analysis against the four modes are shown at Table 4 . The results for the 240 multiple regression are shown in parenthesis. Note that although SCAN accounts for a 241 significant amount of the variance for the Adriatic stations and Genoa and Marseille in the 242 multiple regression model it is considered redundant by the selection process at most of 243 the tide gauges except in Venice and Rovinj. This is probably a consequence of the inter-244 dependence of winter averaged NAO and SCAN. 245
246
The results of multiple regression indicate that the NAO is the leading mode for winter 247 sea level in the Mediterranean Sea, accounting for 13% to 47% of the variance of 248 observed sea level and for 7% to 26% of the variance of atmospherically corrected sealevel. The EA/WR accounts for 6% to 22% in the Adriatic and the eastern sub-basin and 250
conserves similar values when the atmospheric correction is applied (8% to 19%). The 251 EA accounts for 6%-18% of the variance of corrected sea level. Overall, the climate 252 indices account for 39%-56% of the total inter-annual sea level variability in winter and 253 for 14%-41% when the atmospheric correction is applied. The multiple regression models 254 are shown in Fig.3 . 255
256
During summer the influence of climates modes in sea level variability from tide gauges 257 is smaller. In the Adriatic the NAO accounted for 13% to 15% of the variance. The 258 correlation with the other indices seems random (Table 4 and Figure 3) . However, the 259 summer EA accounts for 8% to 16% of the variance at Genova, Marseille and the Adriatic 260 tide gauges when the atmospheric contribution is removed. 261 gauges accounted for by the indices. However, the NAO accounts for more variance 275 during the altimetric period than for the tide-gauge period whereas the opposite is true for 276 EA/WR. Note that the EA/WR correlations are below the significance level for most of 277 the domain. Nevertheless it accounts for a small fraction of the variability. The multiple 278 regression model accounts for 83% of the basin averaged winter variance of sea level.
Winter correlations between climate indices and DAC-altimetry are represented in Figure  280 4 (right). The correlations with atmospherically corrected tide gauges are also mapped 281 over the DAC-altimetry maps. Basin and sub-basin averages of correlations and variances 282 accounted for by the indices according to the multiple regression model are listed in Table  283 5. No significant correlations were found in summer (not shown). The highest correlation 284 (in absolute values) was obtained with NAO (-0.9) SCAN having the second largest (0.6). 285
The correlation with EA was also significant over part of the western sub-basin, with an 286 average value of 0.5. 287
288
The multiple regression model considered SCAN redundant. The contribution of each 289 independent mode to winter atmospherically-corrected sea level variability averaged over 290 the entire basin is represented in Figure 5 (bottom), being the NAO the only significant 291 mode, accounting for 78% of the variance. In the western sub-basin EA accounted for 292 around 12% of the variance. 293
294
It is worth to clarify that the difference in winter variances found between tide gauges 295 (32±10 cm2) and altimetry (19±7 cm2) listed in Table 3 is attributed to the different 296 periods considered and to the fact that the altimetry average covers the whole basin, while 297 the tide gauge value is point-wise. Indeed, when the winter variance of altimetry is 298 calculated by averaging only the closest grid points to tide gauges and limiting the tide 299 gauge average to the altimetry period this difference is significantly reduced (11±4 cm2 300 and 14±9 cm2, respectively). 301 Regression and correlation analysis was also performed for wind-only and pressure-only 326 forced sea level (Table 6 ). Seasonal correlations for wind-only forced sea level are 327 mapped at Figure 6 for winter (e-h) and summer (m-p). During winter, the NAO is the 328 leading mode for wind and pressure only forced sea level with very similar basin 329 averaged correlations (-0.67 and 0.68) and corresponding variances accounted for 330 between 45% and 49%. 331
For the multiple regression model of pressure-only forced sea level all four independent 332 modes contribute to winter basin-averaged sea level variability, reaching an overall value 333 of 60%. 334
335
For the multiple regression model for wind-only forced sea level the EA/WR is the only 336 pattern which, together with NAO, contributed to the winter variance (51%). Although 337 both EA and SCAN were correlated with wind sea level component at western subbasin 338 and overall the basin, respectively, they were considered redundant. 339
Results for the summer season are different. The pressure only forced sea level is 340 correlated with NAO at some areas of northern Adriatic and at 20-30ºE area of Easternsub-basin, while SCAN is correlated at western sub-basin. Interestingly, sea level forced 342 by wind only in summer is correlated only to the EA mode in almost all of the basin. 343
However the variance accounted for is only 9%. 344 345
Thermosteric sea level 346
Thermosteric sea level has much smaller variance than the observed sea level and the 347 atmospherically-corrected sea level (Table 3) The Mediterranean Sea level variance is larger in winter than in the summer. According to 387 altimetry it is about three times larger; according to coastal tide gauge records it is about 388 five times larger. The statistical modelling of this variance on multiple regression models 389 both for tide gauges and altimetric data show that the NAO can account for most of the 390 winter variability. The use of the atmospherically forced sea level hindcast shows that the 391 NAO influence is due both to the atmospheric pressure forcing and to wind forcing. The 392 sea level correlation with the NAO remains after the DAC correction is applied. This 393 means that the NAO influence on the Mediterranean is not restricted to the local 394 atmospheric pressure and wind effects. 395
Although SCAN and NAO are monthly independent, they are correlated in winter. All 396 modes show influence in the pressure driven part of the atmospheric forcing, hardly 397 surprising as they are determined on the basis of pressure changes. However only the 398 NAO and SCAN are correlated with the wind driven part of sea level in the winter. The 399 EA is the only mode influencing the wind driven sea level in the whole of the 400
Mediterranean Sea during the summer season. 401
The relationship between thermosteric sea level and the other large scale climate modes 402 considered in this study is not clearly demonstrated and the results found are spatiallyrestricted to certain areas. Changes in the seasonally averaged rate of change of the 404 thermosteric sea level can be partly accounted for by the EA (21% in winter and 12% in 405 summer) but with differences between the western and eastern sub-basins. 406
The physical mechanisms through which the atmospheric climate modes impact on 407
Mediterranean sea level and its contributions can be discussed further using composite 408 maps of anomalies of sea level components, wind speed and mean sea level pressure for 409 each pattern corresponding to index values higher than 1.5 or lower than -1.5. 410 411 Figure 10 shows the composite maps of atmospherically forced winter sea level during the 412 positive and negative NAO phases and the corresponding map for EA/WR, the only two 413 indices we found accounting for the variance in the relevant multiple regression model. 414
Note that pressure and winds mapped here are not anomalies as in Figure 1 In Figure 11 composite maps for the anomalies in the rate of change of thermosteric sea 439 level are shown. As seen previously (Fig. 8) This work demonstrates that the study of the large-scale atmospheric variability can help 516 to understand sea level changes at a regional scale, at least for some of the sea level 517 components. Most notably, this is the first study that offers a complete overview of the 518 relationships between the major large-scale atmospheric patterns and Mediterranean sea 519 level and its components over the last decades. Our results provide both the relative and 520 overall contribution of atmospheric patterns to sea level variability in Mediterranean Sea, 521 an information that could be used for the study of past and future scenarios. Tables  639  640  641  Table 1 (40) (7) 1 (0) 12 (0) 10 (7) 22 (18) 0 (0) 4 (0) Genova 44 (43) 10 (0) 8 (6) 24 (0) 19 (14) 19 (14) 0 (0) 8 (0) Venice 24 (13) 1 (0) 25 (18) 25 (9) 14 (0) 5 (0) 26 (19) 21 (14) Trieste 33 (33) 5 (0) 20 (20) 20 (0) 14 (11) 9 (6) 15 (14) 7 (0) Rovinj 35 (26) 5 (0) 16 (14) 22 (5) 18 (16) 11 (7) 11 (11) 11 (0) Bakar 32 (32) 4 (0) 22 (22) 19 (0) 18 (18) 6 (0) 17 (17) 7 ( 
